Pseudo-continuous arterial spin labeling (pCASL) is a very powerful technique to measure cerebral perfusion, which circumvents the problems affecting other continuous arterial spin labeling schemes, such as magnetization transfer and duty cycle. However, some variability in the tagging efficiency of the pCASL technique has been reported. This article investigates the effect of B 0 field inhomogeneity on the tagging efficiency of the pCASL pulse sequence as a possible cause of this variability. Both theory and simulated data predict that the efficiency of pseudo-continuous labeling pulses can be degraded in the presence of off-resonance effects. These findings are corroborated by human in vivo measurements of tagging efficiency. On the basis of this theoretical framework, a method utilizing B 0 field map information is proposed to correct for the possible loss in tagging efficiency of the pCASL pulse sequence. The efficiency of the proposed correction method is evaluated using numerical simulations and in vivo implementation. The data show that the proposed method can effectively recover the lost tagging efficiency and signal-to-noise ratio of pCASL caused by off-resonance effects.
INTRODUCTION
Perfusion is a well-known indicator of brain function. It is used to study the normal physiology and pathology of the brain (1) (2) (3) . Arterial spin labeling (ASL) techniques permit the quantitative measurement of perfusion with MRI without the injection of exogenous tracers (4) .
In addition to steady-state perfusion measurements, ASL is capable of estimating transient perfusion changes, which can be used to study brain function (5) (6) (7) . Perfusion-based functional MRI through ASL has remarkable potential as a tool for the study of brain function because of its quantifiable nature and close relation to neuronal activity. Although it is possible to saturate the tissue of interest with tagged blood using longer radiofrequency (RF) tagging pulses (continuous arterial spin labeling, CASL) (8, 9) and to improve the signal-to-noise ratio (SNR) of perfusion measurements, ASL techniques still suffer from low SNR and magnetization transfer effects, which make multislice measurements problematic.
The recent introduction of pseudo-continuous inversion pulses (pseudo-continuous arterial spin labeling, pCASL) (10, 11) facilitates the use of CASL by providing multislice cerebral perfusion measurements whilst compensating for magnetization transfer effects in an efficient manner without using additional hardware or losing tagging efficiency, yet limiting the specific absorption rate (SAR). pCASL employs a rapidly repeated gradient and RF pulses to mimic the effect of continuous labeling without the need for continuous RF transmit capabilities.
However, it has been reported that the tagging efficiency of pCASL can vary greatly for different subjects, and also for different tagging locations in the same subject. These findings have been observed in 3-T (12-16), 7-T (17,18) and 11.75-T (19) ASL studies.
Any loss in the tagging efficiency of pCASL causes a loss in SNR which cannot be neglected, given the inherently low SNR of ASL. Furthermore, any unaccounted loss of tagging efficiency also results in significant quantification errors. In this article, we investigate the effects of B 0 field inhomogeneity on the efficiency of the pseudo-continuous inversion pulses as a possible cause for these variations in the tagging efficiency and propose a method to resolve this. We propose to restore the loss in tagging efficiency by correcting the phase of the RF pulses in combination with an average gradient compensation scheme. We demon-(wileyonlinelibrary.com) DOI:10.1002/nbm.1675
Research Article strate the effects of field inhomogeneity and efficacy of the proposed method using numerical simulations, phantom study and in vivo experimental data.
THEORY
Adiabatic inversion occurs when spins experience an RF magnetic field B 1 of sweeping frequency relative to their resonance frequency (20) . In the case of flow-driven inversions (e.g. CASL), the frequency sweep is achieved by the spins moving in the direction of a magnetic field gradient. In other words, the frequency of the B 1 field is constant, but the resonant frequency of the spins changes as they move in the direction of the gradient (20) .
Pseudo-continuous inversion pulses produce the flow-driven adiabatic inversion effect in a piecewise manner by exciting the magnetization vector and allowing a small amount of positiondependent phase accumulation in the transverse plane between RF pulses. Assuming that the slice-selective gradient is applied along the Z direction, the phase accumulation is caused by the imbalance in the slice-selective gradient (G ss ) providing a net average gradient (G av ) between pulses. The net movement of the magnetization vector closely resembles the motion of continuous adiabatic inversions (10, 11) .
Let us consider a single cycle in a pseudo-continuous inversion pulse, as depicted in Fig. 1 (10,11) . Ideally, for a flowing spin moving at velocity V along the Z direction, which is at distance Z(t) from the iso-center, the amount of phase accumulation between the nth and (n þ 1)th RF pulses is:
where G ss , d and G av represent the slice-selective gradient (assumed to be applied along the Z direction), time interval between two RF pulses and average gradient over the time between RF pulses (G av ¼ A extra /d), respectively. In this formulation, t ¼ 0 represents the start of the RF pulse. The first term in Equation [1] depends on the position of the tagging plane with respect to the system iso-center. This term needs to be compensated if the tagging plane is not located at the system iso-center. Adding a linear phase to the tagging/control RF pulses can compensate for the position-dependent term in Equation [1] , and makes the phase accumulation of flowing spins independent of the distance from the system iso-center. However, the field homogeneity in the tagging plane is often perturbed by the presence of the head and/or by imperfect shimming. In particular, the air-tissue interfaces in the mouth and throat and any dental work have a profound effect. We model the local field inhomogeneities at the tagging plane of the pCASL pulse as a constant shift plus a linear Z gradient, and refer to them as the 'off-resonance' (DB 0 ) and 'off-resonance gradient' (DG), respectively, throughout this article. In this case, the amount of error introduced into the phase accumulation (Df error ) between two RF pulses for the pCASL pulse sequence (Fig. 1 ) can be calculated using:
DB 0 and DG can be estimated from a field map collected within the tagging plane, using a first-order linear fit. As can be seen in Equation [2] , DG induces an unwanted velocity-dependent phase in the magnetization vector during the interval between RF pulses that can degrade the adiabatic inversion. Off-resonance (DB 0 ) produces a position-dependent phase error in the magnetization vector that can further degrade the inversion.
We propose to compensate for DG by updating the area of the refocusing lobe of the slice-selective gradient (see Fig. 1 ) by DA extra , such that:
This change will restore the change in average gradient (G av ) and, consequently, the frequency sweep. It also rewinds the velocity-dependent portion of Df error (Equation [2] ) without the need to make any assumption about the flow velocity. It should be noted that the linear phase, initially added to compensate for the position-dependent phase accumulation term (Equation [1] ), also needs to be updated accordingly. The remainder of Df error , caused by off-resonance effects (DB 0 ), will then be compensated by adding a linear phase f linear to the RF pulses (Fig. 1) . f linear can be calculated by:
The application of these changes to the pulse sequence provides us with the appropriate frequency sweep and phase accumulation between two RF pulses, needed to achieve high inversion efficiency.
METHODS Simulation
We simulated the behavior of the net magnetization vector of an ensemble of moving spins in the presence of a pseudocontinuous inversion pulse sequence using a numerical wileyonlinelibrary.com/journal/nbm
implementation of the Bloch equation. The step size in the simulations was 1 ms and the behavior of spins was simulated over a 500 ms window (250 ms before and 250 ms after passing the tagging plane) using 500000 data points. The spins were moving along the Z direction, perpendicular to the tagging plane. At the static magnetic field strength of 3T, T 1 and T 2 were 1664 and 250 ms, respectively (21, 22) . We used a 500 ms train of Hanning-window-shaped RF pulses (width, 500 ms), with 1500 ms between pulses, during a slice-selective gradient (0.6 G/cm) and followed by a refocusing gradient. We unbalanced the area of the refocusing gradient by a variable amount to achieve a net average gradient (G av ). In the control pulse sequence, we reversed the sign of every other RF pulse (dotted plot in Fig. 1 ).
The ensemble of spins moved with laminar flow in a cylinder with a radius of 0.4 cm (23) . To obtain a more realistic simulation, we considered a distribution of peak velocities for laminar flow. We derived this peak velocity distribution from a model of the carotid blood flow velocity waveform suggested in ref. (24), with minimum and maximum velocities of 20 and 108 cm/s, respectively. We used the derived distribution shown in Fig. 2 for weighted averaging of the tagging efficiency calculated for each velocity to obtain the overall tagging efficiency.
The tagging efficiency (a) for each velocity was measured at the end of the pulse train (i.e. 250 ms after the spins crossed the tagging plane) using:
We introduced an artifactual shift in the resonance frequency and an off-resonance gradient (DB 0 and DG) to the pulse sequence in order to simulate the field inhomogeneity effects described earlier. We corrected the effect of these errors using the proposed method.
Using the simulated pCASL sequence, we performed the following studies: (i) determination of the optimum values of G av and flip angle under ideal conditions (i.e. no off-resonance or gradient distortion); (ii) investigation of the effect of field inhomogeneity on the inversion efficiency by adding artifactual off-resonance and off-resonance gradient to the simulation; and (iii) evaluation of the efficiency of the proposed method in recovering the degraded inversion efficiency.
Phantom study
The pCASL pulse sequence shown in Fig. 1 was implemented on a 3.0-T Signa Excite scanner (General Electric, Waukesha, WI, USA). The experiment was carried out using the simulation study parameters, variable G av and a flip angle of 35 8. The tagging/ control duration was 900 ms. Image acquisition was performed immediately after the tagging/control pulses using a gradientecho spiral imaging sequence (TR ¼ 1000 ms; TE ¼ 3 ms; flip angle, 90 8; number of slices, 1; slice thickness, 7 mm; field of view, 24 cm; 48 frames). We used no flow suppression gradients. We also estimated a magnetic field inhomogeneity map from two sagittal images acquired with a TE difference of 1 ms (25) .
We imaged a flow phantom consisting of a polyurethane tube carrying tap water, which was recirculated with a Master-Flex LS peristaltic pump (Cole Parmer, Vernon Hills, IL, USA) with a flow velocity of 30 cm/s, using the described pCASL sequence. We located the tagging plane 3 cm below the imaging plane in the phantom. We measured the tagging efficiency within the tube of the flow phantom using Equation [5] . We measured the tagging efficiency for different values of average gradient and linear phase. We measured the tagging efficiency as a function of linear phase correction to the RF pulses (f linear ) at several levels of the average gradient (G av ). The optimum parameters were compared with those predicted by the proposed technique using the off-resonance and off-resonance gradients estimated from the magnetic field inhomogeneity map. We derived the off-resonance values within the tube located inside the tagging plane (approximate thickness, 2 cm). We estimated the shift in the resonance frequency and off-resonance gradient by fitting a line to the derived off-resonance values using the least-square error-fitting technique.
In vivo experiments
Five subjects were scanned using a 3.0-T Signa Excite scanner (General Electric) in accordance with the University of Michigan's Internal Review Board regulations.
The experiment was carried out using the optimum set of pCASL pulse sequence parameters found in our simulation study (G av ¼ 0.039 G/cm; flip angle, 35 8). G av and f linear were then modified according to the proposed method (Equation [3] and Equation [4] ).
Tagging/control was applied for 1800 ms, followed by a post-inversion delay of 1700 ms before image acquisition. Tagged and control images were collected alternately during 16 image acquisitions. The tagging plane was located at the carotid arteries (approximately 6 cm below the circle of Willis). Images were collected using a gradient-echo spiral imaging sequence (TR ¼ 4000 ms; TE ¼ 3 ms; number of slices, 9; slice thickness, 7 mm; field of view, 24 cm). We used no flow suppression gradients.
We calculated a coronal magnetic field map of the tagging region for each subject prior to the ASL study from two images acquired with a TE difference of 1 ms (25) . Using the coronal field inhomogeneity maps obtained, we estimated the off-resonance and off-resonance gradient for each subject by fitting a line to the off-resonance values within each artery. We manually defined the location of the arteries on the field inhomogeneity map using the associated anatomical images. For each artery, we derived the off-resonance values within the artery located inside the tagging plane (approximate thickness, 2 cm). We estimated the shift in the resonance frequency and off-resonance gradient by fitting a line to the derived off-resonance values using a least-square error-fitting technique. Finally, we averaged the estimated values together. We performed standard shimming on the whole brain, including the tagging and imaging planes, at the beginning of each study and kept the shimming values the same for all scans, including field map estimation.
For each subject, we performed two ASL studies: (i) using the initial parameters obtained from the simulation study; and (ii) using the modified parameters suggested by the proposed method.
To evaluate the efficiency of the proposed method, for each subject, we estimated the SNR and tagging efficiency (Equation [5] ) before and after correction. We acquired a high-resolution (256 Â 256) T 1 -weighted anatomical image using the same prescription as employed for ASL studies. We created a gray matter mask by segmentation of the T 1 -weighted image after co-registration to the perfusion images. Using the gray matter mask, we calculated SNR as the mean gray matter signal change over the time course divided by its temporal standard deviation.
To check whether the proposed method was successful in providing the optimum tagging efficiency for each subject, we measured the tagging efficiency in the carotid arteries by tagging at approximately 6 cm below the circle of Willis and imaging one axial slice at approximately 3 cm below the circle of Willis (TR ¼ 500 ms; tagging/control time, 400 ms; no post-inversion delay; 16-shot spiral image acquisition with 128 Â 128 matrix; field of view, 20 cm). We measured the tagging efficiency for different f linear values between 0 and Àp (tagging efficiency curve) for the average gradient suggested by the proposed method and that proposed by the simulation study (Equation [3] ).
RESULTS
Simulation study results Figure 3 shows the simulated tagging efficiency for a range of flip angles and average slice-selective gradients under ideal conditions (homogeneous magnetic field). There is a broad region of G av and flip angle that can provide high (i.e. > 80%) tagging efficiency. We chose the parameters highlighted with a green dot (G av ¼ 0.039 G/cm; flip angle, 35 8) as the starting working point for subsequent studies. The tagging efficiency achieved at this point was 87%. Figure 4a shows the tagging efficiency achieved using the optimal parameters obtained above, but in the presence of different amounts of off-resonance and off-resonance gradient. The negative tagging efficiencies in Fig. 4a represent the situations in which the order of tagging and control effectively changed as a result of shifts greater than p in the phase of RF pulses. We then applied the proposed correction method to recover the compromised tagging efficiencies at each point. Figure 4b shows the tagging efficiencies obtained after correction. As an example, the M Z profile of a spin passing the pCASL tagging plane at three different situations is shown in Fig. 5 : (i) ideal case without any field inhomogeneity; (ii) with field inhomogeneity (DG ¼ À0.01 G/cm; off-resonance, À125 Hz) before correction; and (iii) with field inhomogeneity after correction. The shift in the tagging plane from its original position as a result of off-resonance should be noted (blue relative to black curve). As can be seen, the proposed 
Phantom study results
We measured the tagging efficiency curve for different amounts of G av in a flow phantom consisting of a tube with known velocity (30 cm/s). These curves are shown in Fig. 6 . The black arrow in Fig. 6 points to the starting working point suggested by the simulation study in the ideal situation (i.e. no field inhomogeneity), and the green arrow points to the modified working point suggested by the proposed method using the field inhomogeneity map information (off-resonance, 55 Hz; DG ¼ À0.01 G/cm at the tagging plane). As can be seen, the modification of G av and addition of the linear phase (f linear ), according to the proposed method, improved the tagging efficiency by approximately 40%.
In vivo results
For each subject, the SNR and tagging efficiency were measured before and after correction using the proposed method.
The measured SNRs and tagging efficiencies, together with the corresponding estimated off-resonance and off-resonance gradient, are presented in Tables 1 and 2 . As can be seen, the proposed method considerably improved the SNR and tagging efficiency in subjects 1, 2 and 3. The field inhomogeneity map estimated for subject 1, which showed the greatest improvement, is given in Fig. 7 . Perfusion difference images for this subject before and after correction using the proposed method are presented in Fig. 8a , b. The tagging efficiency curves of this subject are also shown in Fig. 8c, d . The black arrow points to the working point suggested by our simulation study in the ideal situation (no field inhomogeneity) and used for the acquisition of perfusion images in Fig. 8a . The green arrow points to the working point suggested by the proposed method and used for the acquisition of the perfusion image in Fig. 8b . As can be seen, the proposed method successfully recovered the degraded tagging efficiency.
DISCUSSION
The method proposed in this article is intended to compensate for the inhomogeneity of the magnetic field in the tagging region using phase-corrected RF pulses. In a sense, it can be considered as an RF shimming method for pCASL. In a situation in which there is a procedure that can provide ideal shimming in both the imaging and tagging locations, the proposed correction method will not be necessary. Our experience, however, is quite the opposite. We used standard and high-order shimming procedures on the whole brain, including the tagging and imaging planes, but our efforts were not successful and, in some cases, higher order shimming even led to further distortion of the field at the tagging or the imaging planes. Thus, in cases in which shimming is insufficient, as is the situation at higher field (> 7 T), this straightforward phase correction technique can provide the necessary tagging efficiency. In addition to modulating the average gradient and phase accumulation between RF pulses, there is another mechanism involved in the degradation of the tagging efficiency as a result of a shift in the resonance frequency. Off-resonance shifts the spatial location of the tagging plane. It also shifts the frequency sweep profile. However, as G av is much smaller than G max (0.039 versus 0.6 G/cm in this study), a shift in resonance frequency shifts the tagging slab slightly, but shifts the frequency sweep much more (see Fig. 5 and note the shift in the blue relative to the black curve). The mismatch between the RF pulse profile and the frequency sweep profile can lead to further degradation of the tagging efficiency. By applying the proposed corrections, in addition to correcting the frequency sweep and phase accumulation, we also shift the frequency sweep back to the intended location.
An orientation offset between an artery and the applied gradient direction will change the effective velocity of the blood spins along the gradient direction, which can change the phase accumulation of spins between RF pulses depending on the angle between the artery and gradient direction. In addition, the presence of a through plane gradient in this situation will further modulate the phase accumulation and can degrade the tagging efficiency. Therefore, in practice, it is better to place the tagging plane in an area in which the arteries are aligned with the applied gradient direction as much as possible.
As it is not possible to find the optimum parameters in the ideal situation (i.e. no field inhomogeneity) using experimental data, we used numerical simulation of the Bloch equation to find the starting working point. In order to make our simulations as realistic as possible, we considered a laminar blood flow with a distribution of velocities derived from the measured mean blood flow waveform suggested in ref. (24) , instead of assuming plug flow, as in previous studies (11) . In pulsatile blood flow of arteries, there is also an acceleration pattern, which can further change the amount of phase accumulation between RF pulses. However, given the fact that the blood velocity is fairly high in the arteries and the tagging plane is relatively narrow ($2 cm), we only considered the distribution of blood velocity in the pulsatile flow of arteries and neglected the effect of the acceleration of blood within the tagging plane. The simulated ranges of off-resonance and off-resonance gradient are wider than those observed in our results (Table 2) because we did not intentionally place our tagging plane on areas with high off-resonance and gradient errors. However, on a given field inhomogeneity map, it is possible to find areas with off-resonance and off-resonance gradient as high as those in our simulated study.
On inspection of the tagging efficiency curves of our phantom study (Fig. 6) , it is apparent that it is possible to achieve a high tagging efficiency only by adding an appropriate linear phase alone for a wide range of average gradients. In that case, Equation [2] should be used to estimate the appropriate linear phase instead of Equation [4] , which requires a knowledge (or an assumption) of the blood velocity. In addition, the blood flow velocity at the carotids is higher than the flow velocity of our flow phantom (30 cm/s) and, as a result, we expect the correction to be more sensitive to the choice of G av in human studies. In addition, as can be seen in Fig. 4a , having an appropriate average gradient makes the pCASL pulse sequence less sensitive to the selection of the linear phase (i.e. more robustness to the errors in estimation of the appropriate linear phase).
In our subjects, the mean off-resonance and off-resonance gradient values worked well for all of the arteries. However, this might not be the case in all subjects. If the off-resonance values at the arteries are very different, it might not be possible to find a correction value that works for all of them. It that case, the difference in off-resonance between arteries can be eliminated by adding a small in-plane gradient similar to that proposed in ref. (26) .
We note that, without this correction applied to the dataset presented in this article, two of the five subjects would still have yielded accurate perfusion maps with reasonable SNR. However, in two subjects, we would have been faced with considerably lower tagging efficiencies and SNR maps. In these cases, the quantification of perfusion maps, without the measurement of the tagging efficiencies, would have resulted in significant errors. For one of the subjects, the perfusion measurement was simply not possible without the proposed correction method.
CONCLUSION
This study shows that, even if the pCASL sequence has been theoretically optimized, the tagging efficiency of pCASL can be compromised by local shifts in the magnetic field, and thus the resonance frequency, at the tagging plane. A loss in tagging efficiency leads to lower signal-to-noise perfusion maps and can also cause considerable quantification errors if unaccounted for.
Our preliminary results show that the estimation of these field inhomogeneities using B 0 field map information and compensation using the proposed method can effectively recover the compromised tagging efficiency. This may allow the use of pCASL in a wider range of conditions (clinical or research), including high-field scanning, where it may have otherwise been impractical.
